The brain damage that evolves from perinatal cerebral hypoxia-ischemia may involve lingering distur bances in metabolic activity that proceed into the recov ery period. To clarify this issue, we determined the car bohydrate and energy status of cerebral tissue using en zymatic, fluorometric techniques in an experimental model of perinatal hypoxic-ischemic brain damage. Seven-day postnatal rats were subjected to unilateral common carotid artery ligation followed by 3 h of hypoxia with 8% oxygen at 37°C. This insult is known to produce tissue injury (selective neuronal necrosis or infarction) predominantly in the cerebral hemisphere ipsilateral to the carotid artery occlusion in 92% of the animals. Rat pups were quick-frozen in liquid nitrogen at 0, 1, 4, 12, 24, or 72 h of recovery; littermate controls underwent neither ligation nor hypoxia. Glucose in both cerebral hemi spheres was nearly completely exhausted during hypoxia ischemia, with concurrent increases in lactate to 10 mmoU kg. During recovery, glucose promptly increased above control values, suggesting an inhibition of glycolytic flux, as documented in the ipsilateral cerebral hemisphere by measurement of glucose utilization (CMRg1c) at 24 h. Tis sue lactate declined rapidly during recovery but remained slightly elevated in the ipsilateral hemisphere for 12 h.
Phosphocreatine (P-Cr) and ATP in the ipsilateral cere bral hemisphere were 14 and 26% of control (p < 0.001) at the end of hypoxia-ischemia; total adenine nUcleotides (A TP + ADP + AMP) also were partially depleted (-46%) . During the first hour of recovery, mean P-Cr was replenished to within 90% of baseline, whereas mean ATP was incompletely restored to 68-81 % of control (p < 0.05). Individual ATP and total adenine nucleotide values were >2 SD below control levels in 17/24 (71%) brains at all intervals of recovery. Both ATP and total adenine nu cleotides were inversely correlated with tissue water con tent, reflecting the extent of cerebral edema. No major alterations in the high-energy phosphate reserves oc curred in the contralateral cerebral hemisphere either during or following hypoxia-ischemia. Thus, following perinatal cerebral hypoxia-ischemia, ATP and total ade nine nUcleotides never recover completely in brains un dergoing damage but rather are permanently depleted to levels that reflect the severity of tissue injury. Recovery of P-Cr to near normal levels can occur despite evolving brain damage. The findings have relevance to the assess ment of asphyxiated newborn humans using magnetic res onance spectroscopy. Key Words: Brain damage Hypoxia-ischemia-Metabolism-Perinatal rat.
logic mechanisms underlying hypoxic-ischemic brain damage at any age are complex, but there is general agreement among investigators that alter ations in cerebral blood flow and metabolism are at least contributory (Siesjo, 1978; Hossmann, 1982; RaicWe, 1983) . There is increasing evidence that metabolic perturbations occurring in the recovery period following hypoxia-ischemia may promote or accentuate brain damage. Oxygen free radical induced peroxidation of free fatty acids, an uncou pling of oxidative phosphorylation, the accumula tion of cytosolic calcium ions, and a lingering cel lular lactacidosis may enhance the process of neuronal destruction (Siesj6, 1981; Hossmann, 1982; Raichle, 1983) . Whatever the final common denominator of tissue injury, alterations in cerebral perfusion and metabolism are the early-and possi bly late-critical events that ultimately determine the presence and extent of brain damage.
In the present investigation, we focused on those disturbances in carbohydrate and energy metabo lism that characterize the perinatal brain during the evolution of the damage that follows hypoxia ischemia. To this end, we utilized a model of peri natal hypoxic-ischemic brain damage developed in our laboratory (Rice et aI., 1981) , in which the 7-day postnatal rat was subjected to a combination of uni lateral common carotid artery ligation and systemic hypoxia. In this model, blood flows to vulnerable structures are reduced to 15-35% of control values during hypoxia-ischemia concurrently with in creases in cerebral glucose utilization (Vannucci et aI., 1988 (Vannucci et aI., , 1989 . With the dissociation of cerebral blood flow and metabolism, major perturbations in the energy status of the brain occur (Welsh et aI., 1982b ). Yet to be determined is whether or not these metabolic disturbances persist into the recov ery period and, if so, how they relate causally or temporally to the nature and extent of tissue injury. The findings indicate that lingering alterations in carbohydrate and energy balance are prominent features of the recovery process as brain damage is evolving.
MATERIALS AND METHODS

Induction of cerebral hypoxia-ischemia
Dated pregnant Sprague-Dawley rats were purchased from a commercial breeder (Charles River), housed in individual cages, and fed a standard laboratory chow ad libitum. Offspring, delivered spontaneously, were main tained with their dams until 7 days of postnatal age. In dividual rat pups were anesthetized with halothane (4% induction, 1.001.S% maintenance), 30% oxygen, balance nitrous oxide, during which the neck was incised longitu dinally in the midline for a length of 1 cm. The right com mon carotid artery was identified, separated from contig uous structures, and permanently ligated with 4-0 surgical silk. The wound was closed with silk sutures, and the animal allowed to recover from anesthesia. The entire surgical procedure lasted no longer than 10 min. There after, the rat pups were returned to their dams for 3 h, at which time they were placed in SOO-ml airtight jars and exposed to a gas mixture of 8% oxygen, 92% nitrogen for 3 h. The jars were partially submerged in a water bath at 37°C to maintain a constant thermal environment. The combination of unilateral carotid artery occlusion and hypoxia with 8% oxygen for 3 h has been shown to pro duce brain damage confined largely to the cerebral hemi sphere ipsilateral to the carotid artery occlusion in the vast majority of animals (Rice et al., 1981) . Neither liga- Vol. 10, No.2, 1990 tion alone nor hypoxia alone leads to brain damage; there fore, control animals were littermates that underwent nei ther ligation nor hypoxia. They were separated from their dams and placed in open glass jars for the same interval as the experimental animals. Following hypoxia-ischemia, most of the rat pups were returned to their dams until time of further experimentation.
Measurement of cerebral carbohydrate and high-energy metabolites
To optimally preserve labile metabolites in brain, rat pups from several litters were quick-frozen in liquid ni trogen at either 0, 1, 4, 12, 24, or 72 h of recovery (Van nucci and Duffy, 1974, 1976) . Littermate controls were killed in the same manner and at the same intervals of recovery. Following storage at -70°C, each brain was dissected from its skull in a cold box set at -20°C, and a sample of tissue (-100 mg) was removed from each ce rebral hemisphere in the distribution of the middle cere bral artery (MCA). The brain specimens were powdered under liquid nitrogen; the powders were weighed on a microanalytical balance and extracted into 3.0 M perchlo ric acid (PCA) as previously described (Vannucci and Duffy, 1974) . The acid extracts then were neutralized to pH 6.8 with 2.0 M KHC03 and maintained at -70°C until the time of analysis. Concentrations of glycolytic inter mediates (glucose, lactate) and high-energy phosphate compounds [phosphocreatine (P-Cr), ATP, ADP, AMP] were determined using specific enzymatic, fluorometric procedures (Lowry and Passonneau, 1972; Vannucci and Duffy, 1974) .
Measurement of brain water content
Some rat pups were quick-frozen at 42 h of recovery from hypoxia-ischemia, and their brains were dissected as described above. Tissue specimens from the cerebral hemisphere ipsilateral to the carotid artery occlusion in the distribution of the MCA were obtained and prepared for the fluorometric analysis of ATP, ADP, and AMP (see above). Additional samples (7S-1OO mg) of the ipsilateral cerebral hemisphere within the MCA territory immedi ately adjacent to those specimens obtained for determi nation of the adenine nucleotides were dissected and placed in tared S-ml glass vials at -20°C. The sealed vials then were warmed to room temperature and weighed on a microanalytical balance. Subsequently, the tissue speci mens were desiccated at 70°C for 72 h. Reweighing of the vials ascertained the hemispheric dry weight, and by sub traction from the total hemispheric weight the wet weight of each tissue was obtained. Water content was deter mined as a percentage of total hemispheric weight accord ing to the formula rr/.
total weight -dry weight water content (70) = l' h x 100 tota welg t
Measurement of CMR glc
In additional experiments, we determined the rate of cerebral glucose utilization (CMRglc) in control 7-day-old rat pups and in animals recovering from cerebral hypoxia ischemia. A modification of the original Sokoloff et al. technique (1977) was used to measure CMRglc, with 2-deoxy-[14C]glucose ([14C]2-DG) as the radioisotope . Specifically, rat pups recovered for 24 h from cerebral hypoxia-ischemia each received a subcutaneous injection of 2.S f,LCi (0.2 ml) 2-deoxy-[U-14C]glucose (Amersham; Arlington Heights, IL, U.S.A.), following which the animals were decapitated at either 2, 5, 10, 20, 30, 45, 60, 75, or 90 min. Blood was collected from the severed neck vessels and plasma sep arated from red cells by centrifugation at 3,000 g for 5 min. A portion 00 JJ.l) of plasma was used to determine glucose concentration on a microglucose analyzer (Beck man Glucostat, Fullerton, CA, U.S.A.), while 10 JJ.I of the remaining portion was solubilized in 1.0 ml of Soluene-350 (United Technologics Packard, Downer Grove, IL, U.S.A.). After mixing overnight in a mechanical shaker at room temperature, the solution was combined with 9.0 ml of Dimilume-36 (United Technologics Packard). Samples then were counted in a Beckman LS-350 liquid scintilla tion spectrometer with appropriate internal standards and blanks. Measurement of the glucose (JJ.mol/ml) and 2-DG (dpm/ml) contents in each plasma sample allowed calcu lation of the integrated 2-DG/glucose specific activity (dpm/JJ.mol) over 90 min.
The heads of the rat pups killed at 90 min post injection of 2-DG were immediately frozen in liquid nitrogen to stop intermediary metabolism. Each brain then was re moved from its skull in a cold box set at -20°C, and portions (50-80 mg) of cerebral cortex and subcortical white matter from each cerebral hemisphere were dis sected, powdered under liquid nitrogen, and weighed on a microanalytical balance. PCA extracts of each cerebral hemisphere were prepared as previously described (Van nucci and Duffy, 1974) . The solutions were neutralized to pH 7.0 with 2 M KHC03, a portion (0.5 ml) of which was diluted in 9.5 ml of Dimilume-36 and counted in the scin tillation spectrometer. An additional aliquot (20 JJ.l) of the extract was assayed for glucose content using an enzy matic, fluorometric technique (Lowry and Passonneau, 1972) . The remainder of the neutralized PCA extract was passed over an ion-exchange column formate form (Bio rad Econocolumn, Richmond, CA, U.S.A.). Neutral compounds, including free (nonphosphorylated) 2-DG and glucose, were eluted with 3 ml water, a portion of which (0.5 ml) was diluted in 9.5 ml Dimilume-36 and counted. From the data, the percentage of total 2-DG in brain that was metabolized to 2-DG-6-P was calculated.
The lumped constant (LC) of each rat pup killed at 90 min post injection of 2-DG was calculated using a nomogram for adult rat brain published by Pardridge et al. (982) , which allows calculation of individual LC values deter mined by the concentration of glucose in brain relative to that of plasma.
As mentioned previously, we used a modification of the original Sokoloff et al. equation (977) to measure cere bral hemispheric glucose utilization in immature rat brain by substituting the measured values of the percentage 2-DG metabolized for the rate constants Kl*' K2*' and K/. Thus,
where Ci* (1) is the concentration of the tracer in brain at time T (dpm/g); Cp * is the concentration of the tracer in plasma (dpm/ml); Cp is the concentration of glucose in plasma (JJ.mol/ml); and LC is the lumped constant.
Statistical analysis
Statistical analysis of the data included the paired and unpaired Student t tests, analysis of variance with Dun nett's t correction, and linear regression analysis.
RESULTS
Glycolytic intermediates
Unilateral common carotid artery ligation com bined with 3 h of systemic hypoxia (8% oxygen) in 7-day postnatal rats was associated with major al terations in brain glucose and lactate concentrations ( Fig. O . Glucose in both cerebral hemispheres de creased to low levels and was essentially depleted in the hemisphere ipsilateral to the carotid artery occlusion. Concurrent increases in lactate to essen tially identical levels in the two hemispheres were observed; reflecting in part uptake of lactic acid from blood into brain (Vannucci et aI., 1980; Welsh et aI., 1982b) .
Glucose concentrations in both cerebral hemi spheres were already higher than those of control rat pups at 1 h of recovery and remained elevated for up to 24 h (p < 0.05) ( Fig. O . Glucose levels in the contralateral cerebral hemisphere were actually higher than those of the ipsilateral hemisphere at 1 and 4 h, although not significantly. Brain lactate decreased to the greatest extent during the first hour of recovery but remained slightly higher in the ipsilateral hemisphere compared with values in the contralateral hemisphere for 12 h (p < 0.05). By 72 h, lactate concentrations in both hemispheres were at (ipsilateral) or below (contralateral) control.
C MRg1C
Since elevations in brain glucose were prominent in both cerebral hemispheres following hypoxia ischemia, we sought to uncover alterations in glu cose metabolism during the recovery period. Using a modification of the Sokoloff et al. technique (1977) , we measured CMR g lc in the cerebral hemi spheres of 15 immature rats at 24 h of recovery from hypoxia-ischemia (Table 1) . Glucose utilization in the cerebral hemisphere ipsilateral to the carotid artery occlusion was decreased by 46% compared with the contralateral hemisphere and by 35% com pared with the homologous hemisphere of eight control animals. CMR g lc of the contralateral hypox ic but nonischemic hemisphere was actually in creased by 33% compared with the homologous hemisphere of control animals. The results indicate that glucose consumption is depressed in the recov ery period following hypoxia-ischemia, despite a persisting partial depletion of high-energy phos phate reserves (see below).
High-energy phosphate reserves
High-energy phosphate reserves during and fol lowing cerebral hypoxia-ischemia are shown in Ta ble 2. During hypoxia-ischemia, P-Cr in the ipsi lateral cerebral hemisphere decreased to 14% of control, with near complete restoration by 1 h of recovery. Thereafter, levels ranged from 60 to 90% of control (see below). P-Cr in the contralateral hemisphere exhibited only a minor reduction during hypoxia-ischemia (-15%), with complete restora-tion upon reoxygenation. The elevated P-Cr of the contralateral hemisphere at 72 h of recovery is probably an effect of increasing age (Duffy et aI., 1975; Vannucci and Duffy, 1976) , since the P-Cr/ creatine ratio (0.71) was identical to that of the con trol animals.
Major perturbations occurred in the adenine nu cleotides (Table 2) . During hypoxia-ischemia, ATP in the ipsilateral hemisphere decreased to 26% of control, with disproportionate increases in ADP and AMP; thus, the total adenine nucleotides were partially depleted. During 72 h of recovery, mean ATP values were incompletely restored to 68-81% of control. Like A TP, total adenine nucleotides were never completely replenished, whereas the en ergy charge potential rapidly normalized. Apart from an initial elevation in AMP, no alterations in the adenine nucleotides occurred at any interval during or following hypoxia-ischemia in the contra lateral cerebral hemisphere.
To ascertain interanimal differences in the resto ration of high-energy phosphate reserves in the ip silateral cerebral hemisphere during recovery from hypoxia-ischemia, scattergrams were prepared for P-Cr, ATP, and the total adenine nucleotide pool (Fig. 2) . Individual P-Cr values were >2 SD below the mean control level in 12/24 (50%) analyzed brains, whereas individual ATP and total adenine nucleotide values were > 2 SD below control levels in 17/24 (71%) brains. Thus, lingering alterations in A TP and total adenine nucleotides more accurately reflected the presence of brain damage than did per turbations in P-Cr (see Discussion).
The relationship between concentrations of ATP and the extent of edema in the ipsilateral cerebral hemisphere was determined in 17 immature rats at 42 h of recovery ( Fig. 3) . A strong inverse correla tion existed between the two variables, as was also the case for the total adenine nucleotides. The find- ings indicate that perturbations in A TP and total adenine nucleotides during recovery from hypoxiaischemia predict not only the presence but also the extent of brain damage. OURATION POST-HYPOXIA-ISCHEMiA (tv"s)
DIS C USSION
The experiments described herein offer insight into the manner in which the immature brain re- sponds to the metabolic stress of hypoxia-ischemia. The investigation differs from other studies (Van nucci and Duffy, 1976; Hisanaga et aI., 1986; Lap took et aI., 1988; Ment et ai., 1988) , in that it pro vides for the first time a systematic analysis of those critical metabolic events that follow cerebral hyp oxia-ischemia in a perinatal animal model in which permanent brain damage is a predictable occur rence. In this regard, the combination of unilateral common carotid artery ligation and systemic hyp oxia with 8% oxygen in the 7-day postnatal rat is known to cause tissue injury confined largely to the cerebral hemisphere ipsilateral to the arterial occlu sion (Rice et aI., 1981) . Damage occurs in 92% of the rat pups, which is focused on cerebral cortex (layers 3 and 5 + 6), hippocampus (CAl and CA3_5), striatum, and thalamus as well as on subcortical and periventricular white matter. Infarction, predomi-nantly in the distribution of the MCA, occurs in 56% of the animals. Thus, the present study high lights those metabolic alterations that characterize the evolution of perinatal hypoxic-ischemic brain damage. Prominent among the findings reported here were the perturbations in the high-energy phosphate re serves that occurred during recovery from hypoxia ischemia. Lingering alterations in ATP and the total adenine nucleotide pool were apparent in a larger number of animals than were disturbances in P-Cr. Furthermore, levels of the adenine nucleotides were always more severely disrupted than those of P-Cr, indicating that alterations in the former me tabolites are more predictive of the existence of un derlying brain damage. The variations in concentra tions of ATP and total adenine nucleotides, includ ing some normal values, are not unexpected, given the spectrum of severities of damage in this animal model (Rice et aI., 1981) . The fact that the majority of the individual ATP values were below control at all measured intervals of recovery and that their mean concentrations ranged from 68 to 81 % of control suggests that ATP is never restored follow ing hypoxia-ischemia severe enough to culminate in tissue injury (Kobayashi et aI., 1977; Levy and Duffy, 1977; Welsh et aI., 1978 Welsh et aI., , 1982a Tanaka et aI., 1985) .
The finding of a persistent disruption in the en ergy state of the immature brain following hypoxia ischemia is entirely consistent with current theories regarding critical cellular events that lead to brain damage. In adult animals, morphologic disruption of mitochondria is an early finding post hypoxia ischemia (Brown and Brierley, 1973; Brown, 1977) , which is associated with an "uncoupling" of oxida tive phosphorylation (Rehncrona et aI., 1979; Linn et aI., 1987; Sims and Pulsinelli, 1987) . Any energy that is generated by mitochondria is rapidly con sumed by the organelles themselves in an attempt to reverse "futile" ionic cycling across the mitochon drial membrane (Siesjo, 1981) . Thus, there is little energy available for restoration of high-energy phosphate reserves required for energy transforma tions in other compartments of the cell. With the continuing energy debt, cellular ionic pumping and synthetic processes continue to be compromised and cell death ultimately ensues.
An additional, albeit inefficient, source of ATP is via substrate phosphorylation of glycolytic interme diates within the cytosol. To replace mitochondrial function completely, glycolytic flux would need to have accelerated 18-fold over basal conditions. However, the glycolytic capacity of 7-day-old rat brain is limited to a four-to fivefold increase, even under the most adverse situation of total cerebral ischemia (Duffy et al., 1975) . In the present study, glycolytic flux, as reflected in the CMR g lc, was ac tually curtailed rather than increased, at least at 24 h of recovery (see Table 1 ).
The near identical elevations in lactic acid of the two cerebral hemispheres, only one of which sus tains damage, is noteworthy in light of observations in adult animals that the end-product of anaerobic glycolysis contributes substantially to neuronal ne crosis (Myers, 1979; Kalimo et al., 1981; Pulsinelli et al., 1982) . Furthermore, lactate in the present study declined rapidly in the first hour of recovery to levels minimally higher than control. Therefore, a "lingering lactacidosis" of cerebral tissue did not occur, as is seen in adult brain (Gardiner et al., 1982; Pulsinelli and Duffy, 1983; Tanaka et al., 1985) . These findings suggest that lactacidosis per se does not contribute to the damage that charac terizes the perinatal brain following hypoxia ischemia (see also Welsh et al., 1982b ). This con clusion is consistent with the observation that hy perglycemia does not accentuate hypoxic-ischemic brain damage in the immature animal via a mecha nism that promotes tissue lactate production (Voorhies et al., 1986; Vannucci et al., 1987) .
The rise in brain glucose during early recovery from hypoxia-ischemia occurred in association with rapidly declining levels of lactate and a partial res toration of high-energy phosphate reserves. Unfor tunately, technical difficulties precluded our ability to measure tissue pyruvate concentrations during and following hypoxia-ischemia, but in other stud ies levels of this metabolite increased dramatically in the immediate recovery period following perina tal hypoxia or cerebral ischemia (Vannucci and Duffy, 1976; Vannucci et al., 1980) . Taken together, the data suggest that glycolytic flux is inhibited upon reoxygenation of the tissue, possibly as a re sult of the prior accumulation of reducing equiva lents (NADH) or of the preferential consumption of lactate via the oxidative pathway (Pasteur effect) (Vannucci and Duffy, 1976; Vannucci et al., 1980; Welsh et al., 1982a) . However, these explanations cannot account for the curtailment of glucose utili zation, and presumably glycolytic flux, in the ipsi lateral cerebral hemisphere at 24 h of recovery, a time when the tissue should be well oxygenated (low NADH/NAD + ratio) and lactate concentra tions were at or below control levels (see Fig. 1 ) (Welsh et al., 1982a) . The depression of glucose utilization at this interval was most likely a reflec tion of underlying brain damage, which is well ad-vanced at this stage in its evolution (Rice et al., 1981) . The biochemical mechanism underlying the reduction in metabolism remains unclear but may relate to the post-hypoxic-ischemic accumulation (or loss) of metabolic byproducts known to inhibit (or accelerate) glycolytic flux (Levy and Duffy, 1977; Pulsinelli et al., 1982a; Tanaka et al., 1985; Kozuka et al., 1989) . Whatever the mechanism, de pressed oxidative consumption of glucose would limit the production of reducing equivalents via the tricarboxylic acid (Krebs) cycle, thereby con tributing to the incomplete resynthesis of ATP (see above) (Welsh et al., 1982a) .
Glucose utilization of the contralateral cerebral hemisphere was increased by 33% above control, which is surprising in light of the persistent eleva tion in the tissue level of the substrate (see Fig. 1 ). An analysis of the variables related to the uptake and phosphorylation of 2-DG (Table 1) provides lit tle clue as to why the paradox occurred. No sub stantial differences were seen in the amount of 2-DG incorporated into the hemisphere or the per centage 2-DG metabolized to 2-DG-6-P when compared with either cerebral hemisphere of c( trol animals. Furthermore, energy metabolites in the contralateral hemisphere remained within the normal range throughout recovery. Possibly, in creased glucose utilization of the viable cerebral tis sue reflects an adaptive response to biochemical ad justments of the adjacent damaged tissue. Prece dence for the phenomenon is seen in adult brain where glucose utilization is increased in areas sur rounding a region of ischemic infarction with its as sociated depression of metabolism (Ginsberg et al., 1977; Pulsinelli et al., 1982a; Tanaka et al., 1985) . A similar situation may occur interhemispherically in the immature rat, although in adults glucose con sumption typically is reduced in the cerebral hemi sphere contralateral to the hemisphere undergoing infarction (metabolic diaschisis) (Ginsberg et al., 1977; Tanaka et al., 1985) .
The present investigation in immature rats has relevance to the clinical situation of the asphyxiated newborn human, given the availability of nuclear magnetic resonance (NMR) spectroscopy in many laboratories. Recent studies in premature and full term newborns using 31p NMR spectroscopy have demonstrated that hypoxia-ischemia is associated with lingering alterations in the energy state of the brain occurring as a consequence of tissue injury (Hope et al., 1984; Younkin et al., 1984; Hamilton et al., 1986) . Persistent biochemical abnormalities include relative decreases in the spectra of P-Cr and ATP with concurrent increases in inorganic phosphate (PJ, leading to reductions in the P�Cr/Pi and ATP/Pi ratios. These metabolic disturbances have been correlated with evolving abnormalities on computerized tomography and ultrasound, poor neurodevelopmental outcome, and death.
Relevant to NMR spectroscopy are data from the present study that showed a close correspondence between ATP concentrations in brain and water content, reflecting the severity of cerebral edema and ultimate brain damage. Thus, the presence and extent of cerebral edema can be predicted from the changes in ATP following hypoxia-ischemia. The correlation is particularly useful in the clinical set ting, as advances in NMR technology now permit quantitative in vivo measurements of labile metab olites in brain (Wray and Tofts, 1986) . We currently are applying NMR spectroscopy to our immature rat model to ascertain sequentially the alterations in energy metabolism that occur during and following cerebral hypoxia-ischemia .
